We describe the structure and operating characteristics of a high-speed optically addressed spatial light modulator (OASLM) with a hydrogenated amorphous silicon (a-Si:H) photosensor and a ferroelectric liquid-crystal modulator. The photosensor is ap-i-n photodiode, which switches the liquid crystal into one of two stable states. Under a write-light intensity of 6 mW/cm2, the OASLM exhibits a response time of 155 ps, a contrast ratio of 20:1, and a resolution of 40 lp/mm. The writing sensitivity per pixel is 0.1 pJ.
The inherent parallelism of many proposed optical processing and computing architectures relies critically on the availability of two-dimensional spatial light modulators (SLMs) .' These devices are used as incoherent-to-coherent image converters, spatial filters, two-dimensional logic elements, and output data displays in parallel optical processing. The desired operating characteristics of a SLM include fast frame rates (--1 MHz), high contrast ratio (100:l-1000: 1 ) and resolution ( > 20 lp/mm), low switching energy ( < 1 pJ/bit), and grey level operation (8 bits).' Currently, no device exists that satisfies all these requirements. In this letter we describe results on the operating characteristics of an optically addressed spatial light modulator (OASLM) which has the potential for achieving such desirable operating characteristics. This device uses hydrogenated amorphous silicon (a-Si:H) as the photosensor, and smectic C * ferroelectric liquid crystal (FLC) as the electrooptic, modulating material.
In an OASLM the light modulating properties are controlled by an optical signal. While this function in principle could be provided by a device made of a single nonlinear optical material, no' currently available material offers the desired combination of fast response time, high spatial resolution, large contrast ratio, and low switching energy. However, hybrid devices combining separate light modulators and photosensors promise higher performance in the near term. Liquid crystals are attractive candidates for such light modulators because of their large modulation in response to low driving voltages. The Hughes liquid-crystal light valve3 is the prototype hybrid liquid-crystal device, combining a nematic light modulator with a CdTe, CdS, or crystalline Si photosensor. Improved white-light sensitivity and resolution can be obtained using an a-Si:H photosensor, as has been demonstrated by Ashley and DavisS4 The fact that aSi:H can be deposited in a thin, uniform layer gives it significant fabrication advantages over crystalline photosensors.
give FLC-limited switching times. Faster response has been obtained by Williams et ala6 with an a-Si:H photosensor. We7 proposed that the real solution to the photosensor speed problem was to use a photodiode photosensor, which could be conveniently made of a-Si:H. This letter reports such a device which has 155 ps response time, 40 lp/mm resolution, and 0.1 pJ/pixel writing sensitivity.
The structure of the OASLM is shown in Fig. 1 . It consists of a photosensor layer, which absorbs a write beam impinging on one side of the device. A liquid-crystal layer modulates a read beam, which is incident on the other side of the device. The device is fabricated as follows: an a-Si:H p-i-n photodiode is deposited on a tin oxide coated sheet of soda lime glass.8 The p layer consists of boron-doped a-Si:C;H. The i layer is followed by an n layer, which is phosphorus doped to yield a nominal sheet resistance of --10" fl/sq.
The total thickness of the photodiode is 2 pm. A rubbed polymer on both the photodiode and an indium tin oxide (ITO) coated glass sheet aligns the FLC. The tilt angle of the FLC used (SCEg9) is close to 2 2 3 , resulting in a rotation of the optic axis through approximately 45"under where An is the FLC birefringence (0.16 for SCE9) and A is the read-light wavelength (A = 633 nm). For the devices whose properties are reported here, d ranges from 1.8 to 3 pm, sufficiently thin to ensure surface stabilization of the FLC.I0 The active area of the OASLMs is a 1.27-cm-diam circle.
The write beam is absorbed in the i layer of the photodiode where it generates electron-hole pairs. If the photodiode is under reverse bias the holes drift a short distance ( -0.1 p m ) to the p layer and the electrons traverse the i layer to the n layer. These electrons, whose distribution replicates the spatial variations of the write beam, produce a spatially varying field across the FLC. This results in a spatially varying orientation of the FLC optic axis. A weak, horizontally polarized HeNe laser beam passes through the FLC layer, and is reflected at the interface between the FLC and the photodiode by the step in the index of refraction. Depending upon the orientation of the FLC optic axis the read beam either retains its original polarization or undergoes a rotation of polarization (ideally 90"). An output analyzer blocks one of the polarizations, producing an intensity pattern which can be imaged onto a video camera or photodetector.
To The asymmetric current-voltage characteristic of a photodiode is essential to the operation of a FLC-based OASLM. Whereas a nematic liquid-crystal device relaxes to the OFF state in the absence of an applied field, the bistability of the FLC requires that the molecules be actively rotated to the OFF state by an applied field of opposite polarity to that which switched the device ON. If the photosensor were a photoconductor, having ohmic contacts and a symmetric current-voltage characteristic, a different scheme from that described in the previous paragraph would have to be used to switch the device OFF. ' With a uniform photoconductor the FLC may be switched OFF by reversing the voltage applied to " the OASLM and simultaneously illuminating the photoconductor. If the photoconductor were in the dark, the positive applied voltage would drop across it rather than the FLC." There are several causes for the real OASLM response to deviate from the ideal behavior described above. We explore two of these via the equivalent circuit, shown in Fig. 2. ( 1 ) If the series resistance R, in the photodiode is too large it will hinder the ELC from being switched OFF during the positive period of the voltage square wave. For this reason the photodiode i layer must be sufficiently thin and conduc- which includes geometric and depletion capacitance components, must be kept to a minimum. In high quality a-Si:H which has a low density of gap states, the depletion component is negligible. l2 The geometric component, inversely proportional to the photodiode thickness, is of the same order as C,,, . It cannot be reduced substantially because a thicker photodiode would decrease the spatial resolution and increase R,. To accommodate this non-negligible COai, the voItage square wave is offset by a positive bias voltage. This creates a negligible negative voltage across the FLC under reverse bias in the dark, preventing the device from partially switching ON. For an applied peak-to-peak voltage of 30 V, the offset is 1.5-3.5 V.
We measure the optical response by writing and reading onto approximately 1 cm2 of the OASLM, with results shown in Fig. 3 . The devices were characterized with an argon ion laser (A = 5 14 nm) write light and a HeNe laser (A = 633 nm) read light reflected from the OASLM through a polarizing beamsplitter, which functioned as crossed polarizers. The argon ion laser beam was spatially filtered, collimated, and attenuated to produce an intensity of approximately 6 mW/cm2 over the device aperture. The intensity of the HeNe laser read light was 13 pW/cm2 at the OASLM. The write beam was modulated using an acoustooptic modulator (AOM) with a transition time of less than 200 ns. A pulse/delay generator drove the AOM and a waveform generator, which provided the OASLM with a rectangular-wave voltage bias. To measure the response times, the reflected read beam was focused onto a silicon photodetector and amplifier having a response time of approximately lops. The upper trace shows the 2 kHz applied voltage square wave, the middle trace the write-light modulation, and the lower trace the read-light response. The switch ON time is the sum of rise delay and 10%-90% rise times of 85 and 70 ps, respectively, for a total of 155 ps. The switch OFF time is the sum of fall delay and 90%-10% fall times of 50 and 80 ,us, respectively, for a total of 130ps. The ratio of ON state to OFF state read-light response is approximately 20:1 for a write light of 6 mW/cm2. The response time of electrically addressed FLCs has been shown to extend to below 1 p s at higher voltages and temperatures,I3 which should be feasible in the optically addressed case. It may be possible to increase the contrast ratio by an order of magnitude, as contrast ratios of as high as 1500:l have been obtained in electrically addressed FLCs. l4 In Fig. 4 we show a photograph of a U. S. Air Force resolution target readout through the OASLM. The resolution was measured by imaging a U. S. Air Force resolution target onto the a-Si:H photodiode at unity magnification, imaging the reflected read beam onto a CCD video camera, displaying the image on a video monitor, and photographing it. The finest lines which could be distinguished clearly corresponded to a spatial resolution of 40 lp/mm.
We may define writing sensitivity per pixel as E = [ (write-light intensity) X (write time) ]/(2 X resolut i~n )~. For the OASLM the write-light intensity for a contrast ratio of approximately 3:115 is 0.38 mW/cm2 for the same times and resolution as those of Fig. 4 . This yields a writing sensitivity per pixel of 0.1 pJ.
In conclusion, we have demonstrated an optically addressed spatial light modulator with sufficiently high performance to meet a wide range of optical processing needs. It exhibits a response time of 155 ,us, a resolution of 40 lp/mm, a contrast ratio of 20:1, and a writing sensitivity per pixel of 0.1 pJ. We anticipate an order of magnitude in switching speed, and improvements in contrast ratio and resolution as the FLC, photodiode, and alignment layers are improved in second-generation devices.
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